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It is well known that nonlinear optical processes can be resonantly enhanced with electromagnetically induced transparency (EIT) [1] by simultaneously creating a destructive interference in absorption and a constructive interference in the nonlinear susceptibility [2] . This enhancement is greater in cold atoms where observable linewidths are close to natural linewidths. In this Letter, we demonstrate the first four-wave mixing experiment with EIT in cold atoms. Phase-matched frequency conversion with an efficiency of 10 ÿ4 is observed at pump energies of less than a picojoule. We use a backward-wave geometry, where weak Stokes and anti-Stokes fields counterpropagate through an optically thick atomic medium.
Our work builds on the ideas of nonlinear frequency conversion using EIT in double-atomic systems [3] [4] [5] . Of special interest to this Letter is a backward-wave geometry where photons can be generated against a dark background. This configuration was demonstrated in an atomic medium by Hemmer et al. [6] using pump intensities of several watts=cm 2 and was brought to mirrorless oscillation with a few microwatts of pump power by Zibrov et al. [7] . Although there has been substantial work over the last decade on the subject of laser cooling and trapping of atoms, there have been relatively few studies of nonlinear processes in cold atoms. Previous demonstrations of nonlinear optical processes in cold atoms without EIT include multiwave mixing in an optical lattice [8] and phase conjugation [9] , while the set of experiments using both EIT and cold atoms consists of quantum interference switching [10, 11] and the giant Kerr nonlinearity [12] .
The relevant 87 Rb energy levels for the double-system of this experiment are shown in Fig. 1 . A coupling laser of angular frequency ! c , tuned to the j2i ! j3i transition, sets up a quantum interference and provides transparency for an anti-Stokes laser. The magnitude of the coupling laser, together with the optical depth of the atomic medium, control the bandwidth of the transmission window for the applied anti-Stokes laser. The antiStokes and coupling lasers establish a spin wave of defined wave vector and phase. A pump laser of frequency ! p , detuned from the j1i ! j4i resonance in order to eliminate absorptive losses, mixes with the spin wave to produce a traveling wave dipole moment at the Stokes frequency ! S . Together, these frequencies satisfy energy conservation ! S ! p ! c ÿ ! AS .
Transparency at the anti-Stokes frequency is obtained when the square of the coupling laser Rabi frequency c is greater than the product of the decay from state j3i times the dephasing rate of the j1i ! j2i transition [1] . It may then be shown that the ratio of the generation efficiency of an EIT process as compared to a resonant, conventional nonlinear optical process is the square of the optical depth (N L). Also, EIT allows the generation of photons which are exactly at line center of a resonant transition; this is likely to be of importance for transmission of quantum information.
We proceed with a calculation of the line shape and generation efficiency of the backward-wave system of Fig. 1 . Assuming that the coupling and the pump lasers are not depleted in the mixing process, the coupled equations in the slowly varying envelope approximation for the Stokes and anti-Stokes electric fields are
We note that this system exhibits two types of gain which we may term as Raman and parametric. The Raman gain g S has a linewidth of 2j c j and does not involve phase matching. The parametric gain, denoted by constants AS and S , results from the phase-matched interaction of the pump, Stokes, and coupling lasers with the anti-Stokes
. Backward-wave four-wave mixing in a prototype, four-level system. In the presence of strong pump and coupling lasers, a weak anti-Stokes laser generates a counterpropagating, phase-matched Stokes beam.
waves. At a small density-length product N L, the Raman gain varies as N L, and the parametric gain varies as N L 2 . The absorption profile of the antiStokes laser is determined by AS . The geometrical phase mismatch k k AS ÿk C k S ÿk P ẑ is taken along the propagation direction of the anti-Stokes beam.
The constants of the left-hand side of Eq. (1) may be determined from the linear susceptibilities i where g S ÿ! S =2c Im S and AS ÿ! AS =2c Im AS . Assuming the pumping field is sufficiently weak such that the atomic population remains primarily in the ground state j1i, the linear susceptibilities at the Stokes and the anti-Stokes frequencies are
The quantities p 14 E p = h and c 23 E c = h are the magnitudes of the Rabi frequencies of the pump and coupling lasers, ij are the matrix elements, ij
h ij are absorption cross sections, ij are dephasing rates, ! ! AS ÿ ! 3 ÿ ! 1 is the detuning of the anti-Stokes frequency from the j1i ! j3i transition, ! 14 ! p ÿ ! 4 ÿ ! 1 is the detuning of the pump from the j1i ! j4i transition, and N is the density of the atomic sample. The k-vector mismatch is taken in the atomic medium such that k i 1 i ! i =c where i are the phase shifts relative to vacuum. Because of the steep EIT dispersion profile, the non-negligible phase shift at the anti-Stokes frequency is AS ! AS =2c Re AS ; all other indices of refraction are taken as unity.
The parametric gain constants of the right-hand side of Eq. (1) 
where complex pump detuning is defined as ! 14 ! 14 ÿ i 14 . The solution of Eq. (1) determines the conversion efficiency of the the anti-Stokes beam at z 0 into the counterpropagating Stokes beam at z 0:
where q AS g S ik z .
Frequency conversion is performed in a gas of cold 87 Rb atoms which are cooled and trapped in a dark magneto-optical trap (MOT). A Ti:sapphire laser, which is locked 20 MHz below the 5S 1=2 F 2 ! 5P 3=2 F 0 3 transition, supplies three, perpendicular, retroreflected, trapping beams. Each of these beams has a 1=e diameter of 2 cm and a power of 65 mW. A repumping (extended-cavity, diode) laser locked to the 5S 1=2 F 1 ! 5P 3=2 F 0 2 transition recycles atoms from the 5S
atoms with an estimated temperature of 150 K. At this temperature, the effect of Doppler broadening on EIT is negligible. The optical thickness of the sample was measured by absorption to be N 13 L 13. The experiment is performed in a 200 s window 50 s after shutting off the trapping beams. This cooling, trapping, and data-collection process is cycled at 0.2 Hz.
All of the lasers used in the four-wave mixing experiment are external-cavity diode lasers which are spatially filtered in single-mode fibers. The coupling and antiStokes lasers, with linewidths <300 kHz, are phase and frequency locked [13] on the D 1 line to a reference laser (which is frequency-stabilized to a saturated-absorption 85 Rb line). The coupling laser seeds a taper amplifier whose output is spatially filtered using a polarizationmaintaining fiber. The pump laser is frequency stabilized on the D 2 line of Rb, and its wavelength can be locked either to j1i ! j4i for difference-frequency generation or to j2i ! j4i for sum-frequency alignment.
In order to overlap the anti-Stokes and Stokes lasers in the atomic cloud, we align these lasers to be collinear and counterpropagating along the z axis. Because the Stokes and anti-Stokes waves have different frequencies, it is not possible to have exact phase matching in the backward configuration. We choose the angle between the z axis and the axis defined by the pump and coupling lasers to be 2 which provides spatial separation between the weak anti-Stokes/Stokes photons and the two strong beams. This choice does not affect the Stokes generation since the efficiency as given in Eq. (4) is flat at such small angles. The resulting coherence length along the z axis is much longer than the 1.5 mm atomic cloud length. Similarly, the coherence length in the perpendicular direction is much longer than the anti-Stokes and Stokes lasers' 80 m beam diameters.
As shown in Fig. 1 , anti-Stokes and Stokes laser beams are counterpropagating through two single-mode fibers separated by 0.5 m. These fibers are aligned to each other through the atom cloud with a measured fiber coupling efficiency of 80%. To ensure that the Stokes beam will be generated into an optical fiber, we use a sum-frequency alignment process in which input coupling, Stokes and anti-Stokes lasers generate a beam at the pump laser wavelength (j1i ! j4i transition). The input pump laser in the difference-frequency experiment is aligned such that it overlaps the generated, sum frequency, pump beam. This procedure guarantees that the difference-frequency Stokes photons counterpropagate with respect to the antiStokes photons. Figure 2 shows anti-Stokes transmission in the absence of pump and coupling lasers. The power in the anti-Stokes beam is less then a picowatt in a 200 s pulse, and transmission is measured using a fiber-coupled single photon-counting module (Perkin-Elmer SPCM-AQR). Each data point is an average over ten atom clouds. Using a least-squares fit, the total optical depth of the atomic sample is N 13 L 13:3 0:4.
The addition of a coupling laser creates a destructive quantum interference in absorption, and the anti-Stokes laser has nearly 100% transmission at the line center. The observed EIT line profile also is shown in Fig. 2 . AntiStokes and coupling lasers have the same circular polarization. Because the hyperfine levels of Rb have many Zeeman sublevels, laser polarizations must be aligned correctly in order to create parallel channels for EIT [11] . Each EIT channel is described by a three-level system, and the total susceptibility for the system of parallel channels is the sum of each single channel susceptibility. If, however, there is coupling between different channels (for example, due to incorrect laser polarization), the channels are no longer independent, and the anti-Stokes laser experiences absorptive loss.
Experimentally, we observe a dramatic loss in transparency (as well as in Stokes generation) when the polarization of the anti-Stokes laser mixes the channels.
The magnitude of the parametric nonlinearity is inversely proportional to the coupling laser Rabi frequency. Consequently, c should be as weak as possible without loss of transparency. Due to an experimentally observed dephasing rate 12 , absorption of the anti-Stokes laser in the transparency window occurs at coupling laser Rabi frequency on the order of the natural linewidth of the Rb D 1 line (ÿ 3 5:9 MHz). We observe an unexplained increase of 12 (as measured from a fit of the EIT, transmission profile) when c is decreased. Using a leastsquares fit, as shown by the solid line in Fig. 2 , the Rabi frequency of the coupling laser is c 2:5 0:1ÿ 3 . In this regime, absorption of the anti-Stokes laser on resonance is negligible.
The intensity of the generated Stokes field depends strongly on the detuning of the pump beam as seen in Fig. 3 . As the pump is tuned close to resonance, the nonlinearity is increased, and the efficiency of generated Stokes photons is increased. The data are taken in a regime where there is small absorption of the pump beam ( p =! p 1). This solid line is the predicted efficiency of the parametric process vertically scaled at one point. The theory curve is based on a four-level system while the actual atomic sample has 12 different Zeeman sublevels (3 parallel channels with four levels). The four-level theory presumes the initial condition of equal populations in each ground hyperfine state whereas actual trapped-atom populations may deviate from this assumption [14] . Differences in population change the weight of matrix elements in each channel and thus also the magnitude of the predicted efficiency. Figure 4 shows efficiency of the generated Stokes power as a function of the anti-Stokes detuning with the pump laser detuned by 4ÿ 3 . The solid curve shown in the plot is a theoretical prediction of Eq. (4) as discussed above using no free parameters. Total pump and anti-Stokes laser powers for Figs. 3 and 4 are 400 nW and 150 nW, respectively. Allowing for spatial beam overlap of the 80 m anti-Stokes and 1.2 mm pump lasers, the pump power actually used in frequency conversion is four nW. The experiment is performed with 200 s pulses; therefore, the energy of the pump laser is less than a picojoule, and energy per area is less than a single photon per atomic cross section for a conversion efficiency of 10 ÿ4 . To our knowledge, this is the lowest light-level frequency mixing reported up to date. Dependence of the efficiency of the generated Stokes power on the density-length product of the atomic sample is shown in Fig. 5 . Here, after trapping is turned off, the atomic sample expands before the difference-frequency experiment is performed. By controlling the duration of this expansion, the optical depth may be varied. From Eq. (4), we expect efficiency to scale quadratically with density-length N L product. The observed data follow this quadratic trend. If in our four-level system shown in Fig. 1 , one applies only counterpropagating coupling and pump lasers, the system will spontaneously emit pairs of photons at the Stokes and anti-Stokes frequencies [15] . The noncollinear, backward-wave geometry assures that both photons will be emitted against a dark background, and the photons may be directly detected without additional filtering. The bandwidth of the emitted photons can be controlled by the density-length product. For our experimental conditions, the bandwidth is 5 MHz with a corresponding coherence length of 60 m, which is 5 orders of magnitude longer than the typical lengths of paired photons created using parametric down conversion. 
